Invasion into surrounding brain tissue is a fundamental feature of gliomas and the major reason for treatment failure. The process of brain invasion in gliomas is not well understood. Differences in gene expression and/or gene products between invading and noninvading glioma cells may identify potential targets for new therapies. To look for genes associated with glioma invasion, we first employed Affymetrix microarray Genechip s technology to identify genes differentially expressed in migrating glioma cells in vitro and in invading glioma cells in vivo using laser capture microdissection. We observed upregulation of a variety of genes, previously reported to be linked to glioma cell migration and invasion. Remarkably, major histocompatiblity complex (MHC) class I and II genes were significantly downregulated in migrating cells in vitro and in invading cells in vivo. Decreased MHC expression was confirmed in migrating glioma cells in vitro using RT-PCR and in invading glioma cells in vivo by immunohistochemical staining of human and murine glioblastomas for b2 microglobulin, a marker of MHC class I protein expression. To the best of our knowledge, this report is the first to describe the downregulation of MHC class I and II antigens in migrating and invading glioma cells, in vitro and in vivo, respectively. These results suggest that the very process of tumor invasion is associated with decreased expression of MHC antigens allowing glioma cells to invade the surrounding brain in a 'stealth'-like manner.
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Keywords: gene chip; gliomas; invasion; major histocompatibility complex; microarray analysis; laser capture microdissection Human glioblastoma multiforme (GBMs) are extremely aggressive neoplasms primarily due to their invasive potential. 1, 2 Recurrent tumors generally occur within 2 cm of the original resected tumor margin. This highly invasive nature renders most therapies for human gliomas including surgery, radiotherapy, and local drug delivery ineffective, resulting in the failure of conventional therapy to control glioma growth. 3 Therefore, understanding the mechanisms involved in invasion of glioma cells into the brain adjacent to the main tumor mass may lead to novel and more effective treatments for GBMs. Differences in gene expression and/or gene products between invading and noninvading glioma cells may identify potential targets for new therapies. To begin to elucidate some of the genes associated with glioma invasion, we used Affymetrix microarray Genechip s technology together with our established aggregate migration assay. 4 We hypothesized that glial cell invasion would show differences in gene expression profiles associated with motility and cytoskeletal proteins, signal transduction molecules, cell surface receptors, and components of the extracellular matrix required for cell migration.
We investigated differences in the patterns of gene expression between migrating and nonmigrating glioma cells. First, using an established in vitro model system, the aggregate migration assay, 4 we analyzed the gene expression profiles in migrating and nonmigrating human LN229 glioma cells on the extracellular matrix molecule fibronectin (FN). Analysis of our gene expression profiles identified up-or downregulation of many of the same genes previously reported to be linked to glioma cell migration and invasion. Surprisingly, comparative analysis of gene expression profiles revealed downregulation of several major histocompatibility complex (MHC) class I and II molecules in migrating glioma cells. This in vitro finding was validated by RT-PCR and also confirmed in vivo using primary human GBM tumor samples. Tumor cells were collected by laser capture microdissection (LCM) from the invading edge or the main tumor core of the GBM clinical specimens. Once again, the gene expression profiles of the GBMs showed downregulation of MHC expression in the invading glioma cells. To further validate the downregulation of MHC gene expression in invading glioma tumor cells, we used immunohistochemistry for MHC protein expression in both human and murine glioma tumors. Tumor sections were stained with b2 microglobulin as an immunohistochemical marker of MHC class I protein expression. MHC expression was diminished or absent at the invasive edge of both human and murine glioma compared with the tumor core. Our results suggest that invading glioma cells defeat the host immune surveillance system by downregulating expression of MHC molecules to escape recognition by the host (ie 'stealth invasion'). Our findings may provide a rationale for development of new immunotherapies for treatment of gliomas.
Materials and methods
Analysis of the Gene Expression Profiles of Migrating and Nonmigrating Glioma Cells In Vitro: Aggregate Migration Assay, Preparation of RNA, Generation of cDNA, and Probe Labeling
The aggregate migration assay was performed as described previously. 4 Briefly, human LN229 glioma cells growing as subconfluent monolayers were trypsinized, washed three times in DMEM and resuspended in serum free DMEM/ITS þ medium. Aggregates were formed and plated on FN coated plates as previously described. 4 Total RNA was isolated from LN229 cells at 1 h (nonmigrating cells) and 16 h (migrating cells) by lysing with Trizol (Invitrogen, Carlsbad, CA, USA). Three independent experiments were performed.
For RNA preparation, 10 mg of total RNA was used for the first strand cDNA synthesis. The biotinylated cRNA probe was prepared according to the Affymetrix protocol. Briefly, double-stranded cDNA was synthesized from total RNA (Superscript II system; Invitrogen). An in vitro transcription reaction was then performed to obtain biotin-labeled cRNA from the double-stranded cDNA (Enzo Bio Array High Yield RNA Transcript Labeling kit; Enzo Diagnostics, Inc., Farmingdale, NY, USA). In all, 70 mg of biotinylated cRNA was obtained from 1.5 Â 10 6 cells of migrating or nonmigrating LN229 glioma cells. A total of 15 mg of cRNA was fragmented before hybridization and mixed with a hybridization mixture containing BSA and herring sperm DNA according to Affymetrix protocol. We used the human Genechip HG-U133A array, which includes 33 000 well-characterized genes. Following hybridization, samples were washed and stained using GeneChip Fluidics Station 400 (Affymetrix Inc., Santa Clara, CA, USA) according to the manufacturer's recommendations. Immediately after staining, chips were scanned (Hewlett Packard, GeneArray scanner G2500A) according to procedures developed by the manufacturer.
Analysis of the Gene Expression Profiles of Invading and Noninvading Glioma Cells
In Vivo: Laser Capture Microdissection, Preparation of RNA, Generation of cDNA, and Probe Labeling This study was conducted under a protocol approved by the Institutional Review Board of New York University. Laser capture microdissection (LCM) in two human GBMs was performed to compare the gene expression profiles of tumor cells from the invading tumor edge vs cells captured from the tumor core. Serial sections (6 mm thick) from formalin-fixed, paraffin-embedded tumors were cut by a dedicated microtome to avoid crosscontamination by other specimens, and a new disposable knife was used for each specimen. The sections were mounted on glass slides and air dried, heated for 15 min at 601C to affix sections onto the slides followed by two changes of xylene for 5 min, immersed in 100, 95 and 70% ethanol then incubated in sterile water stained with hematoxylin and eosin and quickly dehydrated in 70, 90, and 100% ethanol air dried and kept in a dessicator overnight.
Glioma cells (n4100) were captured by LCM as described in Figure 3 . For each human glioma, two independent samples from the tumor core and two independent samples from the invasive edge of the tumor were collected in separate tubes to assure consistency in microarray analysis for each tumor specimen. The caps were placed into RNase-free Eppendorf tubes containing Trizol at room temperature. The RNA was extracted and precipitated with sodium acetate in the presence of glycogen carrier (10 mg/ml) in isopropanol. After the recovery of the RNA pellet, a DNase step was performed for 2 h at 371C using 10 U of RNase-free DNase (Promega, Madison, WI, USA), in the presence of 10 U of RNase inhibitor (Life Technologies, Inc. Gaithersburg, MD), followed by phenol-chloroform extraction and precipitation. The pellet was then stored at À701C for further analysis.
RNA Amplification
The RiboAmpt RNA Amplification Kit (Arcturus, Mountain View, CA, USA) was used for obtaining larger amounts of RNA from LCM samples. This kit allows for retention of low abundance mRNA, preventing loss of important gene expression products (ie preventing nonlinear amplification of the starting RNA population). Messenger RNA was amplified twice yielding the amount of amplified RNA sufficient for labeling and GeneChip hybridization. Biotinylated cRNA probe preparation was carried out as described above.
Microarray Data Analysis
Scanned output files were visually inspected for hybridization artifacts and then analyzed with GENECHIP 3.1 software (Affymetrix). The expression analysis file created by GENECHIP 3.1 software was transferred to a Microsoft Access database or GeneSpring 4.1 (Silicon Genetics, Redwood City, CA, USA). Using this software we scaled and normalized gene expression value to actin expression. Pathway analysis was performed using the GenMAPP software version 1.0 (Gladstone Institutes, UCSF, San Francisco, CA, USA), 5 downloadable from www.genmapp.org. This software uses an identifier for each probe set to display the expression level of each gene in a pathway. We used the SwissProt identifiers for each gene based on the annotation data provided by Affymetrix, as well as a table relating GenBank identifiers to SwissProt numbers obtained with the Dragon program (pevsnerlab.kennedykrieger.org/annotate.htm). When SwissProt identifiers were not available, the GenBank identifier was used and replaced in the respective gene slot in the pathway. The annotation for each probe set of the array was verified by downloading the latest annotation files from Affymetrix. In addition, we performed BLAST analysis using the probe target sequence described by Affymetrix for all the probe sets with significant levels of expression ('Present') where there were discrepancies between various probe sets corresponding to the same transcript, or where the annotation was 'Transcribed Sequences'. When genes in a pathway were not automatically found in the array with the GenMAPP software, we used NCBI BLASTN (http://www.ncbi.nlm.nih.gov/ BLAST/) and BLAT alignments to the UCSC genome browser (http://genome.ucsc.edu) 6 to identify sequences homologous to the probes in the array. Using these strategies, we assigned a specific gene (with the corresponding HUGO Gene Nomenclature approved gene symbol) to 7250 Rae230 probe sets corresponding to 5664 different genes, as compared to the original 5193 probe sets corresponding to 4662 different genes from the Affymetrix annotation files. All the pathways in the GenMAPP database were analyzed to determine if a significant number of genes were affected. 7 To be selected, genes had to show Z2-fold changes in gene expression. 8 The z-score was derived by dividing the difference between the observed number of genes meeting the criterion in a specific group or pathway and the expected number of genes based on the total number of genes in the array meeting the criterion and standardizing by dividing by the standard deviation of the observed number of genes under the hypergeometric distribution. A positive z-score indicates that more genes than expected fulfill the criterion in a certain group or pathway.
The equation used was:
where N is the total number of genes measured in the array, R is the total number of genes meeting the criterion, n is the total number of genes in a specific group or pathway and r is the number of genes meeting the criterion in a specific group or pathway.
RNA Purification and Reverse Transcription-PCR (RT-PCR) Analysis
LN229 glioma cell culture and the aggregate migration assay were performed as described above. Total RNA was isolated from migrating and nonmigrating LN229 glioma cells using Trizol (Invitrogen, Carlsbad, CA, USA), according to manufacturer instructions. RNA was precipitated from the Trizol reagent with isopropanol and resuspended in DEPC-H 2 O. For reverse transcription, 1 mg of total RNA was reverse-transcribed using Super Script II RNase H reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random hexamer primers (Invitrogen, Carlsbad, CA, USA) at 251C for 10 min and 421C for 1 h for cDNA synthesis. The reverse transcription product (1.5 ml) was used as a template for PCR amplification. PCR was performed under standard conditions in a 50 ml reaction mix containing 1 Â PCR buffer, 1 U of Platinum Taq polymerase (Invitrogen, Carlsbad, CA, USA), 200 mM dNTP mix, 1.5 mM MgCl 2 . Primers used are listed in Table 1 and were designed using MIT Primer3 software as previously described. 9 The PCR reactions were comprised of 3 min of an initial denaturation step (951C) followed by 23 cycles of denaturation (951C, 30 s), annealing (551C, 30 s), and extension (721C, 50 s) followed by a final elongation step of 5 min at 721C. In all, 15 ml of PCR products were analyzed on 3% agarose gels stained with ethidium bromide Stealth invasion of the brain D Zagzag et al (EtBr). Two independent experiments were performed.
Experimental Murine GL261 Glioma
We have successfully developed an in vivo animal model using green fluorescence protein (GFP)-tagged GL261 glioma cells implanted in the brain of syngeneic C57BL/6 mice. 10 This experimental system allows us to identify invading glioma cells and study the process by which they migrate into surrounding brain tissue. GL261 murine glioma cells were obtained from the NCI-Frederick Cancer Research Tumor Repository (Frederick, MD, USA) and were transfected with a plasmid encoding the gene for GFP, as described.
10 GL261 glioma cells were implanted in the brains of C57BL/6 mice as described. 10 The GFP-tagged GL261 tumors showed areas of necrosis, vascularity, nuclear pleomorphism, mitotic figures, and pseudopalisading cells around areas of necrosis, all histopathological features indistinguishable from the histopathology associated with GBMs. 10 
Immunohistochemistry
Single and double label immunohistochemistry was performed using the NexES automated immunostainer and detection systems (Ventana Medical Systems, Tucson, AZ, USA). Formalin-fixed, paraffinembedded, 6 mm sections were deparaffinized in xylene (three changes), rehydrated through graded alcohols (three changes 100% ethanol, three changes 95% ethanol) and rinsed in distilled water. All incubations were carried out at 371C unless otherwise noted.
To visualize human tumor cells invading the brain adjacent to tumor (BAT), we immunostained tissue sections of 21 p53-positive GBMs with mouse antihuman p53 (clone DO7; Novacastra Laboratories, Newcastle upon Tyne, UK). Included among these were the two cases used for LCM. Heat-induced epitope retrieval was performed by microwaving tissue sections in 0.01 M, pH 6.0 citrate buffer for 20 min in a 1200 W microwave oven. Slides were allowed to cool to room temperature then washed in 0.05 M Tris-HCl, pH 7.6 containing 0.3 M NaCl. Endogenous peroxidase was blocked by application of hydrogen peroxide for 4 min at 371C. Anti-p53 antibody was diluted 1:50 and applied for 32 min. Primary antibody was detected by application of a secondary biotinylated goat anti-mouse (Ventana Medical Systems) for 8 min, followed by the application of streptavidin-horseradish peroxidase for 8 min. The chromogen, 3,3 0 -diaminobenzidine/hydrogen peroxide mix was applied for 8 min and then enhanced with copper sulfate for 4 min. Slides were then counterstained with hematoxylin, dehydrated and mounted with Permount s . To detect MHC class I expressing cells in human tissue, sections were immunostained with rabbit anti-human/mouse b2 microglobulin antibody (Novocastra). This antibody reacts with the light chain component of MHC class I molecules. 11 Antigen retrieval was performed by proteolytic enzyme digestion (alkaline endopeptidase 0.5 U/ml Ventana Medical Systems, Tucson, AZ, USA) for 4 min. Endogenous peroxidase was blocked by application of hydrogen peroxide for 4 min. Anti-b2 microglobulin was diluted 1:300 and applied for 32 min. Primary antibody was detected as described above.
To detect MHC class I expressing cells in mouse tissue, sections were immunostained as described above except with anti-b2 microglobulin diluted 1:1000. To detect murine GL261 tumor cells invading the BAT, we immunostained tissue sections with mouse anti-GFP (clone GFP01; Neomarkers Fremont, CA, USA) as described previously. 10 We studied four tumors, each at stage 5 of tumor progression, where the tumor core and the invading edge of the tumor into the BAT were clearly identified. 10, 12 For double label immunohistochemistry, tumor sections were stained first with b2 microglobulin. Heat-induced antigen retrieval was performed as described above. Next, the slides were incubated with anti-GFP antibody at 1:300 and incubated overnight at room temperature. GFP antibody was detected as described above using alkaline phosphatase fast red as chromogen.
Results

Downregulation of MHC Gene Expression in Migrating Human LN229 Glioma Cells In Vitro
To investigate genes that are differentially expressed in migrating glioma cells in vitro, we used the aggregate migration assay with human LN229 glioma cells plated on the extracellular matrix protein FN (Figure 1 ) as previously described. 4 We compared the gene expression profiles associated with migrating vs nonmigrating LN229 glioma cells. At 1 h after plating, LN229 cells had not migrated from the aggregates (Figure 1a ), compared with 16 h Figure  1b) . RNA collected from LN229 cells 1 h or 16 h after plating aggregates on FN was hybridized to the Affymetrix chip.
We observed 263 genes that showed Z2-fold changes in gene expression. Table 2 shows genes that were selected based on the following criteria: (i) they were up-or downregulated beyond our cutoff threshold of Z2-fold; (ii) they were previously associated with glioma cell migration or invasion and identified by Affymetrix microarray analysis; or (iii) they were linked to glioma cell migration or invasion by studies of gene or protein expression. Many of the upregulated genes were previously associated with glioma cell migration including: tropomyosin 1a, a2 macroglobulin, tissue plasminogen activator (tPA), and tumor necrosis factor receptor (member 1a). [13] [14] [15] [16] Genes that were downregulated fulfilling our criteria included tissue inhibitor of metalloproteinase 3 (TIMP3), GTPase regulator, and transgelin 2. [17] [18] [19] GTPase regulator is linked to focal adhesion kinase (FAK). FAK has been implicated in glioma cell migration in vitro and glioma cell invasion in vivo. 4, 20 Surprisingly, eight different MHC class I and class II genes were downregulated. As a result of this unexpected finding, we next confirmed decreased MHC gene expression using RT-PCR (Figure 2 ). Total RNA was extracted from migrating (16 h) and nonmigrating (1 h) LN229 glioma cells. We found that MHC class I and MHC class II expression was downregulated in migrating vs nonmigrating cells. We also investigated the gene expression of two other genes identified in Table 2 that are critically associated with glioma cell migration, that is, tPA and TIMP3. Consistent with their role in glioma cell migration tPA was upregulated, while TIMP3 was downregulated.
Downregulation of MHC Gene Expression in LCM-Captured Invading Glioma Cells in Primary Human GBMs In Vivo
To validate the in vitro data obtained in migrating human LN229 glioma cells, we performed LCM in two human GBM specimens to obtain gene expression profiles in invading vs noninvading glioma cells. For each human GBM specimen, two independent samples from the tumor core and two independent samples from the invasive edge of the tumor were collected in separate tubes to assure reproducibility and consistency in microarray analysis ( Figure 3) .
We observed 187 genes that showed Z2-fold changes in gene expression. Table 3 shows genes that were selected based on our established criteria. Many of the upregulated genes have been previously associated with glioma cell migration, including vinculin, insulin-like growth factor binding protein, hepatocyte growth factor, tumor necrosis factor (ligand) superfamily (member 9), astrotactin, mitogen-activated protein kinase 3, vitronectin, laminin, serine protease 11 (PRSS11), ionotropic glutamate receptor, and catenin. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Importantly, similar to migrating LN229 glioma cells in vitro, MHC genes were downregulated in vivo in the tumor cells located at the invasive edge of the clinical GBM samples (Table 3 ). 
MHC Class I Protein Expression in Invading Glioma Cells In Vivo: Validation Study in Human GBMs by Immunohistochemistry
To determine whether the downregulation of mRNA for MHC genes observed in the microarray experiments correlated with a decrease of MHC class I protein expression in vivo, an immunohistochemical approach was used. b2 microglobulin, the light chain subunit of MHC class I molecules, was used as an immunohistochemical marker for MHC class I expression. Serial tumor sections from 21 clinical paraffin-embedded GBM specimens were immunostained either with an antibody specific for b2 microglobulin or an antibody for p53 protein that we used as a marker to detect invading glioma cells in p53-positive specimens. We compared the levels of protein expression as well as the distribution of b2 microglobulin-positive tumor cells in relation to p53-positive tumor cells in all the tumors. Representative sections of one human GBM are shown in Figure 4 . The immunohistochemical findings shown were consistent for all the GBMs analyzed. A notable feature of sections stained with b2 microglobulin was the intense immunoreactivity of vascular channels both within the tumor core and at the invading edge of the tumors as previously described. 31 We observed a differential expression of b2 microglobulin at the invasive edge of the tumor as compared to the tumor core. b2 microglobulin was highly expressed in tumor cells within the tumor core. However, its expression decreased from strong to weak immunoreactivity moving from tumor core to the invading edge of the tumor, respectively. Glioma cells invading the BAT, easily detected by p53 immunostaining (Figure 4a-c) , either were negative or were markedly decreased for b2 microglobulin expression (Figure 4d-f) . Thus, at the tumor core, tumor cells were double positive for p53 and b2 microglobulin immmunoreactivity, a Genes were selected based on the following criteria: (i) they were up-or downregulated beyond our cutoff threshold of Z2-fold. The fold changes are shown and were calculated as in 'Materials and methods'; (ii) they were previously associated with glioma cell migration or invasion and identified by Affymetrix microarray analysis; or (iii) they were linked to glioma cell migration or invasion by studies of gene or protein expression. b Information on genes listed in this table is taken from Entrez Gene.
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while p53 positive invading glioma cells showed decreased expression for b2 microglobulin immunoreactivity.
MHC Class I Protein Expression in Invading Glioma Cells In Vivo: Validation Study in Murine GL261 Gliomas by Double Immunohistochemistry
To further confirm the downregulation of MHC gene expression in invading glioma cells, we used our murine GL261 glioma model. 10 This animal model closely mimics the invasive growth pattern associated with human GBMs. 10 We showed that GFPtagged GL261 tumor cells, including those at the invasive edge of murine gliomas, are readily identified by anti-GFP immunostaining. 10 Representative sections of one GL261 brain tumor are shown in Figure 5 . Invasion of the BAT by GFP-tagged GL261 glioma cells occurred as isolated single cells ( Figure  5a ) and as groups of cells around vascular channels as previously described. 10 For these studies, we used a double immunostaining approach to investigate the expression of b2 microglobulin and GFP expression in a single tumor cell. We compared the levels of expression as well as the distribution of b2 microglobulin in relation to GFP-positive GL261 glioma cells in the tumors. The findings shown were consistent for all four GL261 tumors examined. Invading GL261 tumor cells identified by positive GFP staining in the BAT lacked immunoreactivity for b2 microglobulin (Figure 5b) , while noninvading cells within the tumor core were positive for b2 microglobulin and GFP expression (Figure 5c ). Thus, as in human GBMs, MHC class I expression in invading murine GL261 glioma cells was absent or markedly decreased.
Discussion
Despite multimodality therapy, patients with GBMs, the most malignant astrocytomas, rarely survive 6-12 months after diagnosis.
3 Current therapies such as surgical excision, radiation, and chemotherapy have done little to improve the clinical course of these patients. 3 One reason for this therapeutic failure is the marked invasive nature of gliomas. 3 Gene expression profiling demonstrated that many genes previously associated with migration and invasion of human glioma cells showed altered levels of expression. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Surprisingly, however, our analysis also revealed downregulation of several MHC class I and II genes in migrating LN229 glioma cells in vitro that was confirmed by RT-PCR analysis. In addition, consistent with these findings, immunohistochemistry of invading GBM tumor cells in vivo demonstrated decreased MHC class I protein expression, in invading glioma cells compared to the high levels of expression observed within the tumor core in both human and murine gliomas. Downregulation of MHC expression in GBMs may defeat the host immune surveillance system by preventing their recognition by immunocompetent cells (ie 'stealth invasion').
Invasion of glioma cells into surrounding brain tissue may be associated with at least two processes, both of which defeat the immune surveillance mechanisms of the host: (i) production of gliomaderived immunosuppressive factors; and (ii) downregulation of MHC antigens in migrating and invading glioma cells. Glioma-mediated immunosuppression and downregulation of the host immune response has been associated with the release of immunosuppressive factors by glioma cells, for example, transforming growth factor (TGF)-b1, b2, and b3. [32] [33] [34] [35] [36] [37] [38] In addition to TGF-b, other factors capable of inhibiting immune function 37 include the cytokines interleukin (IL)-6 and IL-10, [39] [40] [41] [42] [43] [44] [45] prostaglandin E, [46] [47] [48] [49] [50] and gangliosides. 51 TGF-b1 and IL-10 act by suppressing T cell function. 42, 52 Increased levels of the cytokines IL-6 and IL-10 can shift the immune response from T helper 1 (cell-mediated) immune response to a T helper 2 (humoral) immune response, the latter is less effective in eradicating tumors.
53,54
Figure 3 LCM of human GBMs and preparation of cRNAs. Tumor cells from a formalin-fixed, paraffin-embedded GBM sample were harvested using LCM from the core or from the invading edge of the tumor. LCM was performed with a Pixcell laser microdissector (Arcturus Engineering, Mountain View, CA, USA) as described in Materials and methods. Digital images of the tissue section were captured before and after each LCM cell harvest. To check the quality of the amplified cRNAs, 3 ml out of 25 ml of the total cRNA sample were loaded per lane onto an agarose gel. Representative samples from the invasive edge (E) and the viable tumor core (C) demonstrate consistent high-quality cRNAs. Molecular weight marker XIV was used for molecular weight verification. Following gel analysis, the remainder of the cRNA sample was used for hybridization to the Affymetrix human gene chip. Duplicate samples obtained from each GBM were hybridized to different gene chips (total of four chips/GBM).
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The mechanism of escape from immune surveillance by downregulation of MHC is different from glioma-mediated immunosuppression. The idea that decreased MHC expression protects tumor cells from immune surveillance is not new. 31, [55] [56] [57] [58] In order to be recognized by cytotoxic T cells, tumor antigens a Genes were selected based on the following criteria: (i) they were up-or downregulated beyond our cutoff threshold of Z2-fold. The fold changes are shown and were calculated as in 'Materials and methods'; (ii) they were previously associated with glioma cell migration or invasion and identified by Affymetrix microarray analysis; or (iii) they were linked to glioma cell migration or invasion by studies of gene or protein expression. b Information on genes listed in this table is taken from Entrez Gene.
Stealth invasion of the brain D Zagzag et al Downregulation of MHC class I molecules is observed in many human tumors and transformed cell lines resulting in decreased susceptibility to cytotoxic T-cell-mediated lysis. [59] [60] [61] [62] [63] Tumor antigenspecific CD8 þ cytotoxic T cells recognize and destroy tumor cells carrying MHC class I antigens on their cell surface and are the main effectors against tumors in both human tumors and mouse models. 64 On the other hand, CD4 þ helper T cells recognize peptide antigens presented by MHC class II molecules. The observation that MHC class I-positive but not MHC class I-negative intracerebral tumor grafts in murine brain are rejected 65 demonstrates the importance of MHC class I molecule expression. Results from our in vitro and in vivo studies suggest that migrating and invading glioma cells, respectively, suppress their antigenicity via downregulation of MHC expression. Thus, altered MHC expression probably constitutes one of the major escape mechanisms of glioma cells from antitumor T-cell mediated responses, that is, 'stealth invasion. ' The central nervous system (CNS) has been considered an immunologically privileged site 66 and shown to be a barrier to allograft and xenograft rejection. Although some studies have suggested that immunotherapy may not be effective against CNS tumors, 67,68 recent work has shown that the CNS is routinely surveyed by cells of the immune system. 69 Vaccination studies in animals showed that it is possible to stimulate a potent immune response against CNS tumors.
70 Thus, the CNS may not be an immunological privileged site as once thought and may be susceptible to active immunotherapy. Our observation that MHC class I and II genes were downregulated in migrating and invading glioma cells may have important implications for the potential use of immunotherapies against GBMs. Recent studies, known as immunogene therapy, 53 have focused on genetically modifying glioma cells to enhance their immunogenicity. For example, glioma cells engineered to express the IL-12 cytokine promoted antitumor immunity. Thus, strategies either to prevent downregulation of MHC gene expression or induce its upregulation on invading glioma cells may increase their susceptibility to the antitumor T-cell-mediated immune response of the host.
In summary, we have observed that migration and invasion of glioma cells is associated with downregulation of MHC class I and II antigens. We propose that in the CNS, downregulation of MHC expression allows glioma tumor cells to invade the BAT undetected by the immune system. This could account, at least in part for the lack of inflammatory infiltrate around individual invading glioma cells. This 'stealth invasion' may be involved in the fundamental process that makes diffusely infiltrating GBMs extremely difficult to cure. Although classic immunotherapeutic approaches targeting malignant gliomas have yet to yield definitive in panel a) . The BAT shows GFP labeled-GL261 glioma cells immunostained with anti-GFP antibody (red) that lack immunoreactivity for b2 microglobulin (brown); (original magnification Â 400); (c) The area depicted corresponds to a region within the tumor core (yellow box in panel a). The GFPtagged GL261 glioma cells (red) show abundant immunoreactivity for b2 microglobulin (brown, arrowhead); (original magnification Â 400). 
